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The  data  reported  herein  were  obtained  during  the  experimental  phase 
of  a  study  authorized  by  the  Office,  Chief  of  Engineers  (CCE),  as  a  part 
of  R&D  Project  8-12-10-C01,  "Effects  of  Nuclear  Weapons  on  Terrain  and 
Engineering  Structures"  (fiscal  year  1957).  During  fiscal  year  1958  it 
is  anticipated  that  these  data,  in  a  more  extensive  form,  will  be  applied 
by  Mr.  C.  W.  Livingston,  of  Barodynamics,  Inc.,  to  his  empirical  approach 
to  the  cratering  problem  and  that  the  conclusions  reached  by  Mr.  Livingston 
will  be  published  Inter.  In  order  to  make  the  test  results  available  at  an 
earlier  date,  it  is  believed  desirable  to  publish  them  in  a  form  considered 
more  or  less  conventional  for  presenting  cratering- type  research. 

The  experimental  tests,  along  with  the  data  reduction,  were  ac¬ 
complished  during  the  period  March  1956-May  1957  by  personnel  of  the  Hy¬ 
draulics  Division,  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(USAEWES),  under  the  general  supervision  of  Messrs.  E.  P.  Fortson,  Jr., 
and  F.  R.  Brown.  The  study  was  made  by  personnel  of  the  Special  Investi¬ 
gations  Section  under  the  direction  of  Mr.  G.  L.  Arbuthnot,  Jr.,  assisted 
by  Mr.  J.  N.  Strange.  Test  operations  and  data  analysis  were  performed 
by  Messrs.  J.  M.  Pinkston,  Jr.,  and  S.  E.  Bartlett. 

The  comments  and  suggestions  of  Mr.  C.  W.  Livingston,  during  the 
early  phase  of  the  test  program,  are  gratefully  acknowledged. 
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Notations 


a 

d' 

a 


di 

di 

dt 


lc 


D' 

c 


D’ 

v 

H 


'v. 


V' 

vt 


a 

,1 


Apparent  crater  depth,  ft 
da/Vl/3,  ft/lb1/3 
True  crater  depth,  ft 
dt/v^3,  ft/ib1/3 
d  /w1/3  in  loess  or  clay,  ft/lb 

v 


1/3 


sg 


'lc 


sg 


W 


d^/VJ1/3  in  sand  and  gravel,  ft/lb  ^3 
Diameter  of  charge,  ft 
Average  diameter  of  camouflet,  ft 
Dc/W3,  ft/jb1/3 

Horizontal  diameter  of  camouflet,  ft 
D^/vr1/3,  ft/lb1/3 

Vertical  diameter  of  camouflet,  ft 
Dy/W3,  ft/lb1/3 
Height  of  charge,  ft 
Volume  of  camouflet,  cu  ft 
Vc/W,  cu  ft/lb 

Volume  of  true  crater,  cu  ft 
Vt/W,  cu  ft/lb 
Apparent  crater  width,  ft 
v  /W1/3,  ft/lb1/3 

£L 

True  crater  width,  ft 
wt/W3,  ft/lb1/3 

w  /w^3  in  loess  or  clay,  ft/lb1^3 

v  /w1^ 

in  sand  and  gravel,  ft/lb^3 
Weight  of  charge,  lb 
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X 
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Depth  of  burial  of  charge,  ft 

Radial  displacement  along  ground  surface,  ft 

Reduced  radial  displacement,  ft/lb3^3 

Reduced  horizontal  distance  from  ground  zero,  ft/W^^ 

Z/W3^3,  ft/lb1/3 

'^A'1/3  vhere  the  true  crater  volume  is  a  maximum,  ft/lb1^3 
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This  study  was  made  in  an  effort  to  evaluate  the  cratering  effects 
of  charges  placed  both  at  and  below  the  air-ground  interface,  with  em¬ 
phasis  on  the  deeply  buried  charges.  Composition  C-h  charges  of  1/8, 
l/2,  1,  asid  8  lb  were  fired  in  homogeneous  deposits  of  loess  and  elsy. 

The  resulting  craters  and  carxmfl-eto  were  carefully  surveyed  by  conven¬ 
tional  methods.  From  the  test  results  it  was  determined  that;  (a)  the 
optimum  charge  depth  X  occurred  within  a  range  of  scaled  depths  of  burial 
such  that  -2.5  >  X  >  -2 .75;  (b)  canoufletB  were  formed  in  both  the  loess 
and  clay  soils  wheR  the  scaled  depth  of  burial  X  was  belovr  approximately 
-3,2 ;  and  (c)  the  geometry  of  the  eamouflets  wascessentielly  spherical. 
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CRATERING  EFFECTS  OF  SURFACE  AND  BURIED  HE  CHARGES  IN  LOESS  AND  ClAY 


Introduction 


1.  This  study  was  made  in  an  effort  to  determine  the  cratering  ef¬ 
fects  of  charges  positioned  both  at  and  below  the  air-ground  interface, 
with  emphasis  on  the  deeply  buried  charges.  A  total  of  35  shots  were 
fired.  The  charges  were  buried  at  various  depths  within  the  range 

0  >  X  >  -l4.  In  addition,  the  permanent  radial  displacements  at  the 
c 

ground  surface  were  also  measured. 

2.  lhe  cratering  tests  were  made  in  two  types  of  homogeneous  soils: 
loess  and  clay.  The  tests  in  the  loess  soil  were  conducted  in  an  area  in 
the  northeast  portion  of  the  WES  reservation.  The  loess  deposits  in  this 
locale  are  extensive  and  unusually  homogeneous.  Similar  tests  in  clay^* 
were  accomplished  at  the  WES  Big  Black  test  site  located  about  10  miles 
southeast  of  Vicksburg,  Mississippi. 

Test  Conditions 


Properties  of  the 
loess  and  clay  materials 


3.  The  following  tabulation  presents  the  average  properties  of  the 
loess  and  clay  materials  as  determined  from  a  number  of  similar  samples, 
'ihe  Atterberg  limits  were  obtained  from  a  total  of  eight  samples,  three 
from  the  clay  material  and  five  from  the  loess  material.  Density  and 
moisture-content  samples  were  taken  before  each  shot  at  a  depth  corre¬ 
sponding  to  the  depth  of  burial  of  the  charge.  The  values  listed  are  the 
averages  of  the  individual  observations: 


Density  Moisture  Content  Atterberg  Limits 


Clay 

Loess 


lb/cu  ft 
117 
113 


JL. 


20.8 

19.0 


LL  PL  PI 
43.0  23.0  20.0 
44. 8  24.3  20.5 


*  Raised  numerals  refer  to  items  in  the  list  of  references  that  follows 
the  text  of  this  report. 
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The  two  materials  manifested  only  small  variations  within  the  respective 
test  areas.  The  density  samples  exhibited  a  scatter  of  approximately  +5 
while  the  moisture -content  samples  showed  about  10#  variation. 

4.  The  results  of  mechanical  analyses  are  shown  in  fig.  1  for  both 
the  loess  and  clay  materials.  The  similarity  of  grain  size  is  apparent; 
however,  as  the  plot  indicates,  the  loess  is  the  finer  g:  ained  of  the  two 
materials. 


Fig.  1.  Gradation  of  loess  and  clay  soils 


Test  charges 

5.  A  total  of  59  shots  were  fired  in  the  loess  material  and  26  in 
the  clay  material.  All  charges  were  cylindrically  shaped  and  were  hand- 
packed  from  bulk  supply  of  composition  C-4.  The  various  weights  and  di¬ 
mensions  are  described  in  the  following  tabulation: 

Dimensions  of  Charge,  ft 
Charge  Height,  lb  Height,  H  Diameter ,  D 


l/8  0.12  0.12 

1/2  0.19  0.19 

0.24  0.24 

0.47  0.47 


1 

8 
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These  charges  were  positioned  at  reduced  depths  which  varied  from  Xc  =  0 

to  X  =  -l4.0,  the  minus  sign  denoting  positions  below  the  air-ground 
c 

interface. 

Test  Procedures 

6.  The  holes  in  the  respective  materials,  in  which  the  charges  were 
placed,  were  bored  to  the  proper  depth  (Z  +  l/2  H)  by  means  of  earth 
augers  of  various  sizes  (diameter  slightly  larger  than  the  corresponding 
charge  diameter).  After  the  charges  were  placed,  the  access  holes  were 
carefully  backfilled  by  hand-tamping  the  material  to  about  the  same 
density  as  the  surrounding  soil.  The  charges  were  then  fired  using  a 
Corps  of  Engineers  special  electric  blasting  cap  as  the  detonator. 

7.  Sounding  of  the  resulting  crater  or  camouflet*  boundary  was  ac¬ 
complished  by  carefully  cutting  a  trench  along  a  diameter  of  the  crater  or 

•  camouflet  to  a  depth  stiff icient  to  expose  the  limits  of  complete  rupture. 

The  various  profiles  (apparent  crater,  true  crater,  complete  rupture  limita¬ 
tions,  or  camouflet)  were  then  sounded  using  conventional  crater-sounding 

techniques.  These  methods  have  been  described  in  detail  in  other  WES 
o 

publications.  Crater  and  camouflet  nomenclatures  are  shown  in  plates 
1  and  2. 

Test  Data 

8.  Table  1  lists  the  dimensions  of  the  craters  formed  in  loess, 
table  2  presents  similar  information  for  clay,  and  table  3  presents  perti¬ 
nent  measurements  associated  with  the  carcouflets  in  both  loess  and  clay. 
Plots  of  the  apparent  craters,  the  true  craters,  the  complete  rupture  zones 
(where  definable),  and  the  cross-sectional  geometry  of  the  camouflets 
(where  applicable)  are  shown  in  plates  3-4l.  Only  the  half-crater  profiles 
are  shown;  these,  however,  were  derived  as  an  average  of  the  total  profile. 
The  boundaries  of  the  various  craters  were  determined  by  averaging  the  ap¬ 
propriate  measurements  obtained  along  a  diameter  of  the  crater/camouf let. 
Photographs  of  typical  craters  are  presented  in  figs.  2-10. 


*  The  hollow  sphere  formed  underground  when  a  charge  is  detonated  suf¬ 
ficiently  deep  so  that  the  void  created  does  not  breach  the  surface. 


•wjpjnm 


After  trenching,  shot  22  (X 


7im wrAflfc 


y 

•* 
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Fig.  10.  Alter  trenching,  shot  20  (X^  =  -t.0) 


9*  Since  the  number  oi  repeated  shots  vas  limited,  it  is  difficult 
to  ascertain  the  reproducibility  of  the  results.  The  following  values 
were  determined  from  a  cursory  study  of  the  scatter  associated  with  the 
mass  oi  cratering  data  obtained.  The  values  listed  describe  the  average 
scatter  ranges  noted  for  each  dimension. 

Crater  Dimension  Average  Range  of  Scatter,  1o 


Apparent  Craters 


Depth,  d_ 

115-50 

'.'idth,  v~ 

-20- 50 

a 

True  Craters 

Depth,  d^. 

'..'idth,  w^ 

+3-5 

+10-15 

Volume,  V 

+10-20 

Car.ouf  lets 

Horizontal  diameter,  D. 

+3-5 

Vertical  diameter,  D 

+3-5 

Volume,  V 

7  n 

+10-20 

It  should  be  noted  that  the  presence  vjf  relatively  large  clods  of  the  loess 
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or  clay  material  within  the  crater  cavity  my  seriously  affect  the  consist¬ 
ency  of  measurements  when  apparent  crater  dimensions  are  being  analysed. 
Examination  of  figs.  2»  h,  6,  and  8  illustrates  this  condition. 

Discussion  of  Test  Results 

m  — m«  III  ■■  iiMW**mnw  iw.mui T— >■'  MB*)  u mm  intm  wwwwi  ■mwr 

Variables  that  affect  cratering 

10.  The  variables  normally  considered  of  major  importance  ir  cater¬ 
ing  are;  properties  of  the  explosive  used;  weight  of  charge,  strength 
properties  of  the  earth  material,  and  position  of  charge  with  respect  to 
the  air-ground  interface.  Since  C-4  was  used  exclusively  as  the  explosive, 
no  variation  In  explosive  properties  is  considered  in  this  report.  Because 
of  the  restricted  range  of  charge  weights  used,  t-he  effect  of  varying  the 
charge  weight  on  the  size  crater  formed  could  not  be  experimentally  deter¬ 
mined  with  a  suitable  degree  of  confidence;  therefore,  cube-root  scaling 
was  assumed  to  describe  the  charge  weight  effect.  As  previously  mentioned, 
two  types  of  soils  were  used  and  the  effect  of  soil  type  i &  evaluated  by 
comparing  the  results  obtained  in  the  o\nj  with  those  obtained,  in  loess. 

The  position  of  the  charge  is  the  most  critical  variable  i &  this  stur5 , .  It 
exerts  the  greater  influence  on  the  determination  of  crater  shape  and  size. 
Effect  of  soil  type 

11.  A  comparison  of  the  densities,  moisture  contents,  and  cohesive 
properties  c£  the  two  materials  shows  that  they  are  remarkably  similar 
(nee  table  in  paragraph  3)*  When  the  cratering  effects  obtained  in  the 
two  materials  (tables  1,  2,  and  3/  are  compared,  it  is  difficult  to  de¬ 
lineate  which  material  developed  the  larger  crater  as  a  result  of  similar 
shots.  For  example,  where  direct  comparison  of  the  crater  dimensions  in 
loess  and  clay  is  possible,  the  linear  dimensions  of  the  true  craters  were 
found  to  differ  oy  less  than  %  in  most  cases,  Since  the  pattern  of 
scatter  previously  discussed  in  paragraph  9  indicates  a  spread  of  roughly 
5  to  15 $>f  it  is  concluded  that  little  or  no  effect  on  cratering  resulted 
from  material  variation  when  linear  dimensions  ore  considered  as  the  basis 
of  comparison.  When  the  true  crater  volume  is  used  as  a  basis  of  compari¬ 
son,  there  is  an  indication  that  craters  produced  in  clay  were  larger 
than  those  in  loess  for  identical  shot  geometries. 
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Effect  of  charge 
position  on  cratering 

12.  Cratering  range.  The  range  of  charge  positions  that  produced 
the  conventionally  shaped  crater  (concave  upvard)  vas  confined  to  the 
range  of  charge  positions  where  X^  ^  -2.0  in  the  case  of  the  apparent 
crater  and  to  X^  -3.0  in  the  case  of  the  true  crater.  The  profile  of  a 
typical  crater  is  Illustrated  in  plate  1.  The  following  paragraphs 
describe  the  manner  in  which  varying  the  charge  position  affects  the  mag¬ 
nitude  of  the  resulting  crater. 

13 •  Apparent  crater  depth.  The  apparent  crater-capability  curve* 
for  depth  (d '  vs  X  )  Is  shown  in  plate  42  for  both  the  loess  and  clay  mate- 
rials.  The  curves  Indicate  similar  trends  in  both  media.  These  data  In¬ 
dicate  that  if  they  were  used  to  predict  results  of  future  tests  the  ap¬ 
parent  crater  depth  could  not  be  predicted  closer  than  +50j>.  Other  cra¬ 
tering  studies  involving  the  use  of  heavier  charges  have  Indicated  a  range 
of  scatter  in  the  order  of  +25^6.  Both  curves  indicate  that  the  iw«H»mnn 
apparent  crater  depth  resulted  when  the  charges  were  placed  at  about 
X  *  -1,  and  that  the  maximum  height  of  the  earth  dome  (positive  values  of 
d  and  d ' ),  resulting  from  a  bulging  upward  of  the  earth  mass,  occurred 
when  the  charges  were  positioned  such  that  Xc  was  about  -3.0  to  -3*5.  No 
evidence  of  surface  failure  or  measurable  upward  displacement  at  ground 
zero  was  associated  with  charges  placed  at  Xc  =  -10  or  below. 

14.  Apparent  crater  width.  The  crater-capability  plot  for  apparent 
crater  width  (plate  43)  convincingly  shows  that  the  crater  width  is  much 
less  consistent  than  the  crater  depth.  It  was  believed  inadvisable  to  at¬ 
tempt  to  draw  a  curve  through  the  plotted  points.  The  major  reasons  for 
these  inconsistencies  were  pointed  out  in  paragraph  9*  spite  of  the 
inconsistencies,  the  plots  indicate  that  the  apparent  crater  width  in¬ 
creases  with  depth  of  burial  of  the  charge  to  the  point  where  X  is  about 

c 

-4.0.  Below  this  depth  of  burial,  the  apparent  crater  width  describes  the 
diameter  of  the  earth  dome  created  by  the  bulging  upward  of  the  earth  mass. 

When  X  is  about  -10,  no  evidence  remains  to  indicate  residual  displacement 

c 

of  a  magnitude  sufficient  to  warrant  measurement. 

*  A  crater-capability  curve  is  any  plot  of  a  reduced  crater  dimension 
versus  reduced  charge  position,  e.g.,  d'  vs  X  ,  w'  vs  X  ,  d'  vs  X  ,  etc. 

a  C  CL  C  w  C 
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3-5=  True  crater  depth.  The  true  crater-capability  curve  for  depth 
is  presented  in  plate  44 «  These  plots  show  that  true  craters  were  obtained 
over  the  range  of  charge  position®  defined  by  0  >  X  £  -3.2.  Over  this 

*  V 

range,,  a  linear  relationship  exists  between  the  true  crater  depth  end  the 

!»  •  ~  7  .'  .  y.  *■,.•_  “Vi  [O'  '  *'  u!  .  ’’  [r 

depth  of  burial  of  the  charge.  This  variation  is  described  by  the 
equations, 

-0.88  +  i.06  Xq  (loess)  (4) 

and 

»  -0.95  ♦  1.04  Xc  (clay)  (2) 

for  the  loess  and  clay  soil  materials,  respectively.  For  estimating  pur¬ 
rees,  it  ie  convenient,  to  aesume  the  regression  coefficients  equal  to  1, 
m  in  the  following  expression, 


d l  «  -1  +  Xc  (3) 

Equation  3  ®jr  be  altered  such  that, 

dt/tr/3  B  _x  +  S/W3  (4) 

S:lnrplifylng^ 

dt  «  -W3  +  Z  (5) 


Since  X  and  Z  are  always  negative  for  charges  positioned  below  the  air- 
c 

ground  interface,  then  d^  will  also  be  negative,  indicating  that  the  crater 
is  concave  upward  and  that  the  bottom  of  the  crater  lies  below  the  original 
ground  level.  From  equation  3f  it  ie  obvious  that  the  depth  of  a  true 
crater  in  loess  or  clay  my  be  estimated  by  adding  the  cube  root  of  the 
charge  weight  to  the  actual  depth  of  burial.  Similar  analysis  of  results 
obtained  fross  true  crater  measurements  in  a  card -gravel  mixture1  (eee  dashed 
curve,  plate  44}  &hom  that  true  crater  depth  is  closely  approximated  by 


i 

1 
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§ 

r 

v 

X* 
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-0.5 


vV3  + 


(6) 


for  values  of  0  >  >  -1.0.  When  this  equation  is  algebraically  codified 

so  as  to  be  similar  to  equation  3,  the  following  results: 


di 


-0.5  +  X 


(7) 


CcM,»rlson  of  equations  7  and  3  over  the  range  0  >  Xo  >  -3.2  Indicate,  that 
cratering  in  a  sand-gravel  mixture  (Nevada  Test  Site)  is  less  extensive 

I 

depthwise  than  in  loess  or  clay.  Fig.  11  shows  a  comparison  of  the  reduced 

crater  depth  in  loess  or 
clay  (equation  3)  to  the 
same  dimension  in  a  sand- 
gravel  mixture  as  a  func¬ 


tion  of  X 


The  term 


4i 


lc 


sg 


-l 


-i 


-3 


Fig.  11.  Soil  factor  (for  true  crater  depth) 
as  a  function  of  reduced  charge  position 


is  actually  the  so-called 
"soil  factor"  for  true 
crater  depth.  Fig.  11  in¬ 
dicates  that  the  soil 

factor  varies  with  depth  of  burial  of  the  charge  and  that  the  maximum  ef¬ 
fect  of  the  soil  type  on  the  crater  depth  is  obtained  when  the  charge  is 
placed  at  the  ground  surface. 

l6.  True  crater  width.  The  crater-capability  curve  for  true 
crater  width  (plate  45)  is  characterized  by  considerable  scatter  and 
Indicates  only  general  trends.  The  data  indicate  that  the  width  re¬ 
mains  essentially  constant  for  charges  placed  such  that  -1.5  >  Xc  >  -3*5- 
Over  the  range  0  >  X^  >  -1.0,  the  data  from  AFSVP  290  show  similar 
trends  for  the  sand-gravel  mixture.  The  true  crater  width  in  the  sand- 
gravel  material  is  less  than  the  width  of  the  true  crater  in  loess  or 
clay  over  the  range  of  charge  positions  where  direct  comparison  is 
possible.  If  the  sand-gravel  curve  (plate  45)  is  extrapolated. 
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then  it  is  possible  to  construct  a  soil  factor  for  true  crater  width 

vs  X  curve  as  shown  in  fig.  12.  This  plot  shows  that  the  crater 
c 

vidth  is  much  less  sensitive 
to  variation  in  soil  type 
than  is  the  crater  depth. 

Again  the  soil  variation  ef¬ 
fect  was  a  maximum  when  the 
charge  was  placed  at  the 
surface. 

17.  True  crater 
volume.  Examination  of  the 
data  listed  under  the 
columns  headed  v^  and  v^  in 

,  ,  n  .  Fig.  12.  Soil  factor  (for  true  crater  width) 

tables  an  sugge-  s  as  a  function  of  reduced  charge  position 


-1 


-2 


-3 


Fig*  13*  True  crater  volume  as  a  function 
of  reduced  charge  position 


that  the  depth  of  burial  of  the 
charge  (X^ )  that  produced  the 
maximum  true  crater  volume  lies 
in  the  range  -2.5  >  >  -2.75, 

as  shown  graphically  in  fig.  13. 

Effect  of  charge 
position  on  camouflet 

18.  Camouflet  range. 

Camouflet s  were  formed  in 

every  instance  where  charges 

were  buried  at  scaled  depths 

below  about  a  X  of  -3*0.  The 
c 

minimum  scaled  depth  where  a 
full  camouflet  was  formed  was 
observed  for  the  case  where 
two  l/2- lb  charges  were  posi¬ 
tioned  at  X  =  -3*15  iri  the 
o 

loess  material.  Hie  1-lb-charge 
tests  in  loess  indicated  that 
the  camouflet  depth  was  at  a 


a  of  about 


Ih  the  clay  testa,  no  inter^edlata  depths  of  burial 

we  tested  between  the  scaled  depths  of  1  «  •$i<X.iuA  X  *<  -3,5*  Sfcese 

c  c 

observations  lead  to  the  conclusion  that  ordinarily  eeaouflet*  %d,ll  be 

faraaft  by  charges  positioned  such  that  X  ~  -3*2  la  aaterials  that  «ars 

c 

sijail’&r  to  the  loess  sad  el&y  ms?ii&  described  herein., 

19*  Big©  and  stop©  of  tbs  caa&uflet.  She  si's©  of  t be  esffisuflab  ms 
determined  by  saeasuriHsg  tbe  diaseter  is  both  the  horizontal  and  vertical 
direction.  Sseee  data  are  listed  in  table  3.  rxte  geometry  of  the  caw- 
flets  formed  mtf  la  most  cases  alaost  perfectly  eyasasirlcal  about  the-  pre- 
shot  center  ©£  gravity  of  tbs  charge.  In  fig.  14 5  the  vertical  dizm&tgr 

_ _ _ _ _ _ _ "  _  is  plotted  &e  a  function  of  the 

f  horizontal  diameter  for  all 

a - - [ _ !>*--  . ..  tests  that  produced  a  cesoufiet 

/  in  both  loess  and  clay  soils. 

4 _ |  lr _ The  least-squared  equation  of  the 

i  /  I  ;  date,  plotted  is. 


For  all  practical  purposes. 


„  '  1  ■which  implies  that  the  shape  of 

the  camcmfiet  is  spherical.  From 

Fig.  14,  Vertical  diameter  as  a  function  .  .  ... 

of  the  horiJxmUl  ttowtar  ptete  *’  W  BbouM  be  "teii  thst 

the  dimension  P  does  not  include 
v 

the  conically  shaped,  irregularity  at  the  apex  of  the  camouflet.  This  ir¬ 
regularity  is  attributed  to  the  original  disturbance  of  the  soil  In  the 
drilling  of  the  access  hole  for  charge  placement  and  subsequent  backfilling* 
She  limits  of  the  access  hole  and  the  irregularity  described  am  be  o*»cm  in 

figs.  9  end.  10. 

SO.  Plates  46  and  47  e an  be  used  to  estimate  the  aizi  of  a  camoufiet 
resulting  from  the  detonation  of  a  given  SB  charge  at  a  specified  depth. 

In  plate  46,  the  reduced  horizontal  and  vertical  diameters  of  the  various 


<??  r  i  5  rix  .jiMasaie, 
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ciunouflets  are  plotted  as  a  function  of  the  reduced  depth  of  burial  of  the 
charge.  A  variation  in  the  size  of  eamouflet  is  noted  as  the  charge  depth 
of  burial  changes.  If  this  variation  is  neglected  and  all  dimensions  of 
D*  arid  Pi  are  averaged,,  then  the  eamouflet  else  my  be  estimated  toy 


where  the  spread  quoted  is  for  a  confidence  level  of  95$*  In  tl<t  loess 

soil,  the  maximum  eamouflet  was  noted  at  a  X  of  about  -8.0.  A  similar 
'  c 

conclusion  in  clay  is  not  possible  because  of  the  paucity  of  the  data, 
plate  kj,  where  the  reduced  volumes  of  the  eaaouf lets  are  plotted  as  a 
function  of  the  reduced  charge  position,  it  is  also  established  that  the 
maximum  size  eamouflet  in  loops  occurred  when  X  is  about  -8.0, 


Investigation  of  the  Permanent  Radial  Displacement 


21,  Permanent  displacements  at  the  ground  surface  were  obtained  by 
pro-  and  postohot  surveys  of  tacks  placed  radially  about  ground  zero  along 
four  radial  axes  for  the  1-lb  teats  in  loess.  The  tacks  were  placed  at  re¬ 
duced  distances  (X)  of  3,  5,  7,  end  9  from  ground  zero.  Fig.  1,5  shows  the 


Fig.  15*  Reduced  displacement  as  a  function  of  reduced  horizontal  distance 


results  of  the  displacement  survey.  The  values  plotted  include  the  data 
from  various  charge  positions  0  >  >.  -4.0.  The  figures  in  parentheses 


cvi.rr 
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denote  the  masher  of  reading®  obtained  at  tfe©  particular  ordiaate  value. 

S2s  Tbs  curve  as  draws  represents  the  mxijmsa  reduced  displaesrmt 
associated,  with  the  various  values  of  X  «  Hi©  point  at  which  the  curve 
intersects  the  X-axie  denotes  the  outer  liisit  of  the  plastic  sons  of 
failure.  Beyond  X  «  XQ,  the  media  acted  elastically.  Similar  measure** 
meat®  reported  in  other  crater  ©tudies^"^  indicate  that  for  a  variety  of 
soil  materials  and  for  charge  eights  up  to  200  lb,  the  outer  limits  of  the 


pie, otic  zone  extend  over  a  range  of  X  9  to  X  ®  17s 


displacements  wer©  essentially  confined  within  the  range  X  «  10. 


Conclusions 


*  i 


I 

m 


! 


I 

I 

t 


23  0  Since  those  teats  ware  conducted  in  soils  that  may  be  consid¬ 
ered  homogeneous,  it  io  believed  that  the  scatter  in  the  data  noted  for  re¬ 
peated  shots  aa?ist  be  attributed  to  &  source  other  than  coil  property  varia¬ 
tions.  Much  of  the  scatter  can  be  attributed  to  the  email  weights  of  ex¬ 
plosives  u©$&  and  the  large-sloe  clods  of  materials  which  have  a  definite 
effect  on  apparent  crater  meaSOTemeate.  It  Id  believed  that  tbs  true  cra¬ 
ter  and  cacsouflet  data  represent  the  extent  to  which  ©rearing  experiments, 
involving  repeated,  tests  using  email  charge  weights,  axe  reproducible. 
Contrary  to  the  general  opinion  that  crater  width  is  more  consistent  than 
crater  depth,  the  data  Indicate  that  crater  depth  is  a  sore  reliable  meas¬ 
ure,  particularly  for  true  crater  dimensions. 

24.  Bis  properties  of  tbs  loess  end  clay  soils  Employed  la  these 
teats  ware  similar  to  the  point  that  differences  noted  in  the  test  results 
could  not  be  attributed  to  the  distinct  soil  types. 

25.  Su?  range  of  charge  positions  resulting  in  formation  of  con¬ 
ventional  crater  shapes  (concave  upward)  was  confined  to  values  of 

X  5  **2o0  for  the  apparent  crater  sad  X  ~  -3«0  for  the  true  crater, 
c  c 

Uanwuflets  were  formed  for  all  charges  positioned  below  a  X^  of  about  -3*2. 
The  range  of  the  reduced  diameter  of  the  cataouf let  usts  1.75  to  2.60  over 
the  range  of  charge  positions  from  XQ  »  -3.0  to  Xc  *  -14.0.  Hie  following 
equation  (10)  provides  a  mea.no  of  quickly  estimating  the  camouflet 
diameter  in  clny  or  loess  soils  when  -3  >  Xc  >  -14. 
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26. 


These  results  are  believed  M&gtabl 
rials,  although  variations  in  the  natural  moist' 
rials  may  veil  affect  the  camouflet  else.  Ilor-isi: 
be  produced  in  moist  to  vet  materials  than  in  t 
This  increase  la  site  usually  amounts  to  about  1 
that  camoufleto  formed,  in  homogeneous  cohesive 
practical  purposed)  spherical  in  shape  with  very 
27 o  Results  of  residual  displacement  msaa 
ground  interface  indicated  that  no  measurable  n 
curred  at  ranges  greater  than  X  ~  9* 


37 

(10) 


tc  isost  cohesive  sate* 
■Voce  content  of  such  mate- 
lly,  larger  craters  will 
H©so  in  the  dry  state, 
qAC$,  The  data  indicate 
Materials  are  (for  all 
little  assym&tpy, 
uremente  along  the  air- 
filial  displacement  oc- 
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